Purpose Silicate-substituted calcium phosphate-enhanced porosity (SiCaP EP, Inductigraft™, Altapore) is a synthetic bone graft material with enhanced strut porosity of 31-47%. SiCaP EP remains to be fully clinically evaluated in patients undergoing instrumented posterolateral fusion (PLF) surgery. We conducted a prospective, open-label, non-randomised, multicentre clinical study to evaluate efficacy of SiCaP EP as bone grafting material in PLF surgery with instrumentation for treatment of spinal disorders. Methods Patients with degenerative disc disease, spondylolisthesis or spinal stenosis underwent PLF surgery with SiCaP EP. The primary endpoint was evaluated in the per protocol population (N = 102) as solid fusion at postoperative month 12 assessed using computed tomography scans, with motion assessed using flexion-extension radiographs. Clinical outcomes included the Oswestry Disability Index, 36-item short-form health survey for quality-of-life, visual analog scale for pain scores and neurological assessments. Adverse events were recorded. Results Successful fusion was achieved in 59/89 (66.3%) patients at month 6, 88/102 patients (86.3%) at month 12 (primary endpoint) and 87/96 (90.6%) patients at month 24. Disability and pain reduced following surgery. Quality-of-life improved and neurological function was maintained postoperatively. Forty-three (33.3%) of the 129 patients who underwent surgery experienced adverse events; back pain was most frequent (n = 10); nine and 14 patients experienced serious adverse events judged related to device and procedure, respectively. Conclusions Enhanced strut porosity SiCaP EP provided high (month 12: 86.3%) spinal fusion success rates in PLF surgery. Fusion success was associated with improved clinical outcomes in patients within 12 months, relative to baseline. Fusion success rates at all Ɵme points were assessed via CT scan by two independent radiographic reviewers n = number of paƟents; N = total number of paƟents assessed; CI = confidence intervals
Introduction
Degenerative disc disease, spinal stenosis and spondylolisthesis are major spine pathologies, causing severe chronic back and leg pain, loss of motor control, neurological deficit and impaired quality-of-life [1] . When symptoms prove unresponsive to conservative treatments of bed rest, exercise therapy and analgesics [2, 3] , patients may undergo spinal fusion surgery to eliminate motion of the vertebral body, prevent further tissue damage and relieve pain, restoring the patient's quality of life [4] . Spinal fusion patients have increased from approximately 170,000 to 410,000 in the USA from 1998 to 2008 [5] . Patients tend to be older, and an ageing population indicates demand for this surgery will increase.
Posterolateral fusion (PLF) surgery coupled with stabilising rigid instrumentation is a reliable, frequently used spinal fusion technique [6] . Autologous iliac crest has been used as a bone graft material [7] ; however, it is associated with complications including safely harvesting sufficient bone tissue, haematoma, scarring and infection [8, 9] . Cadaveric bone graft materials can be used but lack quality assurance [10] or disease-free status [11] . The growth factor recombinant human bone morphogenetic protein-2 (rhBMP-2) is licensed for spinal fusion surgery, but a meta-analysis concluded that, while it increases the probability of successful fusion, it does not translate to clinically meaningful benefits in pain reduction, function or quality of life [12] .
Synthetic bone grafts provide another approach. Silicatesubstituted calcium phosphate (SiCaP) is an alternative synthetic bone graft material containing 0.8% silicon by weight, similar to levels in naturally growing bone [13] . The silicate ions within the lattice [14] contribute a negative charge at the graft surface promoting bone neovascularisation [15] . To increase bone formation potential, different SiCaP strut porosity formulations have been developed. Strut pores arise from the interconnecting spaces between calcium phosphate struts in the SiCaP scaffold. The term 'strut porosity' describes the fraction of pore volume for each strut [16] .
SiCaP of 20-25% strut porosity has been successfully used in PLF surgery [17, 18] . Based on this, SiCaP-enhanced porosity (EP) has been developed to further increase bone formation by mimicking the microporous osteocyte lacunae network present in physiological bone (see Supplementary  Information Figure 1 ).
The effects of changing strut porosity have been investigated in vitro. SiCaP with a strut porosity of 23% (SiCaP-23) was compared with a formulation of 46% strut porosity (SiCaP-46). Immersion in simulated body fluid produces small rod-like formations across the surface of SiCaP-23. Larger plate-like formations across the surface of SiCaP-46 were observed, consistent with the morphology of hydroxyapatite and octacalcium phosphate, precursors to bone-like apatite [19] . In vitro, SiCaP EP supports greater cell proliferation and early osteoblastic differentiation than SiCaP and Bioglass 45S5 bone graft in the absence of external ostegenic factors [20] .
In a rabbit PLF model, SiCaP with bone marrow aspirate and as an autograft extender produced equivalent spinal fusion rates and quality to autograft [21] . In another rabbit PLF model with concurrent chemotherapy, SiCaP EP demonstrated a statistically higher fusion rate compared with autograft, SiCaP and βTCP-bioglass [22] .
Although preclinical evidence supports use of SiCaP EP as a stand-alone graft, it remains to be clinically evaluated with long-term follow-up in patients undergoing instrumented PLF surgery. This post-market surveillance of clinical evidence assessed the performance of SiCaP EP, with a strut porosity of up to 47% (Inductigraft™, Altapore), in terms of fusion success and clinical, quality-of-life and safety outcomes (ClinTrial: NCT01452022).
Methods

Hypothesis
The enhanced strut porosity synthetic silicate-substituted calcium phosphate, Inductigraft™ (SiCaP EP), can be successfully used as a bone grafting material in PLF surgery.
Study population
Patients were aged ≥ 18 years, skeletally mature (epiphyses closed) with a diagnosis within the previous 9 months of lumbar degenerative disc disease or lumbar spinal stenosis, including spondylolisthesis (degenerative or isthmic) and less than three previous decompressive procedures. Patients had failed at least 6 months of non-operative treatment, such as bed rest, physical therapy, bracing, traction and drug therapy prior to enrolment, and were candidates for spinal fusion surgery over 1 or 2 vertebral levels between, and including, L2 to S1 (second lumbar to first sacral). Patients with history of prior fusion surgery or metabolic bone disease such as osteomalacia or autoimmune disease, including rheumatoid arthritis, were ineligible. This study was conducted in compliance with International Conference on Harmonisation (ICH) Good Clinical Practice (GCP), the Declaration of Helsinki and all applicable regulations. Patients provided written informed consent before participating in any studyrelated activities.
Study design
An open-label, phase IV, prospective, multicentre clinical study was conducted in 15 research sites across five countries. Patients underwent PLF surgery with SiCaP EP as the sole graft material, which contains phase-pure, porous Sisubstituted CaP granules [1-2 mm; 80-85% total porosity, 31-47% micro (or strut) porosity and 0.8% Si by weight] in aqueous carrier. Pedicle screw and rod instrumentation was used to fuse 1 or 2 levels. Approximately 20 mL of SiCaP EP was placed in the posterolateral gutters between the decorticated transverse processes, which were decorticated to their tips.
Study assessments
Postoperative, radiographic [computerised tomography (CT) scans for fusion and flexion-extension radiographs for motion] and clinical outcomes [Oswestry Disability Index (ODI), visual analog scale (VAS), 36-item short form survey (SF-36) scores and neurological status] were assessed 6, 12 and 24 months after surgery.
Fusion was measured using CT scans performed at a central core laboratory (Medical Metrics, Houston, Texas). Successful fusion was defined as solid unilateral fusion (Grade 4) or solid bilateral fusion (Grade 5) [23] detected by the presence of bone bridging adjacent vertebral bodies through or around the implants (see Supplementary Information Figure 2) . No fusion on either side was denoted by Grade 1, partial or limited unilateral fusion by Grade 2 and partial or limited bilateral fusion by Grade 3. Successful fusion was also defined by the absence of motion between the fused vertebral bodies for all treated vertebral levels (≤3 mm difference in transitional motion and < 5º difference in angular motion). For patients who received PLF surgery at two vertebral levels, fusion was considered successful if both levels fused. If fusion was absent at month 12, patients were re-assessed at 24 months.
Clinical outcome measurements included functional disability indicated by ODI scores, back and leg pain evaluated using VAS, quality of life indicated by SF-36 score, and neurological function. Patients achieved clinical success if their ODI score was ≥ 15% better than their preoperative score. Back and leg pain intensity was measured with VAS scores, and results of SF-36 were summarised as two main components: a physical component summary (PCS) and a mental component summary (MCS). Success was defined as an improvement in quality-of-life status postoperatively compared with preoperative scores.
Neurological status was tested with evaluation of motor, sensory, reflex, straight leg raise, and femoral stretch tests. Neurological success was defined as a maintenance or improvement in all five evaluations.
Safety was evaluated in terms of adverse events and adverse device events; all reviewed by a committee comprising the Principal Investigator, an independent medical expert and a representative from the manufacturer of SiCaP EP.
Statistical methods
A sample size of 118, with a 15% attrition rate, was estimated to allow for 100 evaluable patients. Patients who underwent PLF surgery were included in the safety population. Patients in the safety population who completed ≥ one postsurgical assessment were included in the intent-to-treat (ITT) analysis; patients with fusion data (or successful fusion) at 12 months post-surgery and no major protocol deviation comprised the per protocol (PP) population. Categorical variables were recorded as frequencies and percentages; for numeric variables, descriptive statistics were calculated. Computed tomography scan data were presented for the primary endpoint of fusion success observed at 12 months. Secondary endpoints were efficacy variables of fusion success at 6 and 24 months, ODI and pain/functionality scores at 6 and 24 months; percentages of patients achieving neurological success were reported with corresponding two-sided 95% confidence intervals. Postoperative evaluations for each indicator were compared with baseline.
Results
Patient disposition
One hundred and thirty-one patients enrolled at 15 study centres in the UK (six centres), Germany, Spain (three each), Hungary (two) and Republic of Ireland (one). The safety population included 129 (98.5%) patients, the ITT population 125 (95.4%) patients and the PP population 102 (77.9%) patients. In total, 107 (81.7%) patients completed the study. The most frequent reason for non-completion was the requirement for revision surgery following an adverse event that led to withdrawal of the study in nine (6.9%) patients. Seven patients (5.3%) were lost to follow-up, three (2.3%) withdrew themselves, three (2.3%) were withdrawn at the surgeon's discretion, one (0.8%) was withdrawn due to an intraoperative screening failure and one (0.8%) patient died (Fig. 1) .
Patient profile and intraoperative details
Patients had a mean [standard deviation (SD)] age of 51.9 (13.9) years and mean (SD) weight of 78.0 (15.5) kg; body mass index (BMI) was 27.25 kg/m 2 and height was 169.0 (10.7) cm ( Table 1 ). The proportion of males [n = 59 (45.7%)] and females [n = 70 (54.3%)] was similar, and the prevalence of smokers was 27.6%. Most patients had a diagnosis of degenerative disc disease [n = 79 (61.2%)] with spinal stenosis, isthmic spondylolisthesis, degenerative spondylolisthesis and 'other' conditions also diagnosed. The 
Radiographic assessments
For the primary endpoint, successful fusion occurred in 88/102 (86.3%) patients at month 12 (PP population, Table 2 ). At month 6, 59/89 (66.3%) patients achieved fusion and at month 24 in 87/96 (90.6%) patients. Sensitivity analysis with the ITT population showed a similar result. The pattern of bone fusion grades at postoperative visits was similar for patients with 1 or 2 level fusions. Proportions of patients with a fusion Grade 4 or 5 were 86.4% (57/66) for 1 level and 91.2% (31/34) for 2 levels at 12 months, respectively. Example images of fusion progression are presented in Fig. 2 .
Clinical outcomes
Pain scores and disability status
Mean change from baseline ODI scores crossed the defined threshold of 15% for improvement from baseline. At months 6, 12 and 24, mean change in ODI scores were − 20.6 (n = 87), − 22.4 (n = 97) and − 19.7 (n = 14), respectively (Table 3) . Visual analog scale scores demonstrated patients had reduced pain levels for the majority of measured pain domains at month 6 and month 12 (Table 3 ). Back and leg pain was significantly reduced at month 24 with the exception of left leg/buttock pain. The ODI is a self-administered questionnaire measuring back-specific function on a 10-item scale, ODI rates spine-specific disability on a scale of 0 to 100, where 100 is the worst disability CI confidence interval, ODI Oswestry Disability Index, VAS visual acuity score; n number of patients 
Quality of life and neurological status
Mean quality-of-life scores increased for all mental and physical components at month 6 and month 12. Significant improvements had occurred in seven of the 11 components at month 24 (Table 4) . Overall more than half the patients experienced neurological success. Success rates for overall neurological status (patient success in all five parameters) were 51.1% at month 6, 58.9% at month 12 and 52.9% at month 24 (Table 5) .
Safety
Forty-three (33.3%) patients experienced at least one adverse event. Nine (7%) patients experienced mild adverse events, 13 (10.1%) experienced moderate and 19 (14.7%) experienced severe (Table 6 ). Nine patients (7%) were withdrawn because of adverse events, six of which were judged related to treatment. Seven of these had device component issues [loosening of screws (n = 6) or breakage (n = 1)], one had joint instability and one patient died during follow-up; a 68-year-old female who experienced ileus approximately 1 year postoperation. The investigators judged the event unrelated to device or procedure. The most frequent adverse event was back pain, reported by 10 (8%) patients, followed by device component issues in seven patients (5%), sciatica in six (5%) and osteoarthritis in three (2%). Thirty-two patients (24.8%) had a serious adverse event. Serious adverse events related to the device or procedure were experienced by nine (7%) and fourteen (10.9%) patients, respectively. The most frequently reported serious adverse event related to device or procedure was back pain in nine patients (7%), followed by device component issues in six (4.7%), sciatica in five (4%) and arthralgia and myositis in two patients each (2%). Unexpected device-related adverse effects were reported in two patients (1.6%: one patient experienced myositis and one nerve root compression).
Discussion
This was the first prospective evaluation of efficacy and safety of a high-porosity SiCaP (SiCaP EP) in patients with degenerative disc disease, spondylolisthesis and spinal stenosis undergoing instrumented PLF procedures. The primary endpoint of solid fusion at month 12 was achieved in 86.3% of patients, accompanied by clinically significant decreases in disability at all follow-up visits. Patients also reported reductions in pain and an improved quality-of-life post-surgery. Motor, sensory functions, reflexes, straight leg raise and femoral stretches were either maintained or improved in over half of patients. The study design did not include a comparator treatment, so no direct comparison can be made. However, the fusion rate of 86.3% at month 12 with SiCaP EP is an improvement in rates of 52-80% [24, 25] , observed with traditional autologous iliac crest and allograft material in PLF surgery.
Instrumented PLF is a reliable technique leading to lasting improvement [6] ; however, care should be taken when comparing fusion rates as these vary according to surgery type and no general consensus regarding the suitability of available procedures exists [26] . Previous studies have used SiCaP with strut porosities of 20-25% in a range of surgical procedures and evaluated the radiographic and clinical outcomes. In a retrospective study of 42 patients who underwent PLF with SiCaP as the bone graft material, fusion rates of 76% were observed [17] . In retrospective studies, 108 patients who underwent spinal fusion procedures including PLF with SiCaP demonstrated fusion rates of 90% at a follow-up of 12 ± 4.7 months [27] . The fusion rate of 86.3% achieved in the current study falls within the range of previous studies.
Approximately 33% of patients reported adverse events, 14% experienced adverse events related to the procedure and fewer patients (7%) experienced implant-related events. Despite complications arising from adverse events, the rates of adverse events were well within the range expected, and it is known that these events frequently occur during follow-up periods [28] .
Smoking status is reported to affect the success of bone healing [29] , spinal fusion [30] and pain relief after decompressive lumbar surgery [31] . The effect of smoking on bone healing and fusion rates is attributed to the effect of nicotine on revascularisation of bone grafts [31] . Although no analysis investigating the effects of smoking was conducted, fusion success did not appear to be compromised. This requires further investigation as a risk factor for failed fusion. The average BMI of the study population indicated that the population was overweight, but not obese. Obesity is a risk factor for poor fusion, so the limited number of obese subjects in our study could be considered a limitation as we were unable to assess the efficacy of SiCaP EP in this specific population. Using the grafting material, rhBMP-2 can achieve fusion rates of 81-100% [32, 33] . However, a study using a rhBMP-2 bone graft substitute in PLF observed constipation in 11/42 patients and pyrexia in 9/42 patients [33] , and the complication rate for rhBMP-2 in posterior lumbar interbody fusion was 41.2% [29] . A review of 277 patients that underwent anterior or posterior lumbar fusion with rhBMP-2 demonstrated a 22.8% complication rate, 5.9% of which were rhBMP-2 related [34] . High doses of rhBMP-2 increased the risk of developing heterogenous cancers compared with receiving iliac crest bone or artificial discs [35] . Nevertheless, extensive review of the published studies raising concerns on rhBMP-2 safety had methodological limitations and so should be interpreted with caution [12] .
Use of SiCaP EP in this study demonstrated similar efficacy to previous reports with BMP-2 and may provide an alternative bone grafting option while avoiding potential safety concerns. Recent work has demonstrated the application for stem cell augmentation in spinal fusion surgery with SiCaP and other grafts. However, the contribution of different cell types has yet to be identified definitively [36] .
In summary, the current study satisfies our hypothesis by demonstrating fusion success in PLF surgery using SiCaP EP with a higher strut porosity of up to 47%. The high microporosity of the SiCaP EP matrix allows for bone implant contact which may further encourage natural bone growth and increase the likelihood of successful fusion. The results of this study indicate the potential use of SiCaP EP in instrumented PLF surgery. Further studies are warranted to investigate the long-term effects and quality of natural bone formation resulting from using a high-porosity SiCaP bone graft.
